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Abstract. The tree-level flavour-changing neutral currents in the two-Higgs -doublet models can 
be suppressed by protecting the breaking of either flavour or flavour-blind symmetries, but only 
the first choice, implemented by the application of the Minimal Flavour Violation hypothesis, is 
stable under quantum corrections. Moreover, a two-Higgs-doublet model with Minimal Flavour 
Violation enriched with flavour-blind phases can explain the anomalies recently found in the AF = 2 
transitions, namely the large CP- violating phase in B s mixing and the tension between % and S^- 
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& INTRODUCTION 

It is well known that the choice of introducing only one Higgs doublet in the Standard 
Model is just the most economical, but not the only possible one. There is a number of 
motivations for considering extended Higgs sectors [1,2]; first of all, some models (for 
example, the Minimal Super symmetric Standard Model, or some approaches of string 
theory), require the presence of two or more Higgs doublets; moreover, multi-Higgs 
models bring many interesting phenomenological features, such as new sources of CP 
violation, dark matter candidates, axion phenomenology; finally, one should keep in 
mind that the physical particle spectrum of the Higgs sector (if it exists) is speculation 
at present and, at the beginning of the LHC era, we should be prepared for surprises. 

However, in the presence of more than one Higgs doublet, the appearance of tree- 
level Flavour-Changing Neutral Currents (FCNCs) is not automatically forbidden by the 
standard assignment of the SU (2)l ®U(\)y fermion charges as in the Standard Model: 
additional conditions have to be imposed in order to guarantee a sufficient suppression 
of FCNC processes. We compare the effectiveness of the two most used mechanisms in 
the Two-Higgs-Doublet Models (2HDM): Natural Flavour Consevation (NFC) [3] and 
Minimal Flavour Violation (MFV) [4, 5]. We will see that beyond the tree level some 
FCNCs are naturally generated in both cases, but we will show [6] that while NFC is 
not stable under quantum corrections, the renormalization-group invariance of the MFV 
structure guarantees an adequate suppression at all energies. 

The phenomenological tests of these hypotheses are developed on the basis of the 
FCNC observables of the meson-antimeson mixing. This is an analysis of particular 
interest, since three interesting problems have recently emerged: 

• first results from CDF [7] and DO [8] indicate a value for the weak phase in the 



B s — B s mixing that is roughly larger than the SM prediction by a factor 20 (but 
some recent results are smaller); 

• the value of sin 2/3 resulting from the UT fits tends to be significantly larger than 
the measured value of S ¥ k s [9]; 

• the values of S v k s and Ek cannot be simultaneously described within the SM [9, 
10]. 

By decoupling the flavour breaking from the CP violation, we have found that in the 
context of a 2HDM with MFV and flavour-blind phases a large phase in the B s mixing 
can be easily accommodated, but also that, once this first problem is addressed, the other 
two issues are automatically solved [6]. 



THE MODEL 



The Higgs Lagrangian of a generic model with two-Higgs doublets, H\ and H 2 , with 
hypercharges Y =1/2 and Y = — 1/2 respectively, can be written as 

JSf = £ DpHiLFHj + SrY-ViHuHi) , (1) 

f=l,2 

where Z)^, = dyfix - ig'YB^Hi - igT a W a ^Hi, with T a = x a /2. The potential V(H h H 2 ) 

is such that the Hi gets vacuum expectation value (# ( 2 )) = vi(2) with v = \Jv\ + v\ m 
246 GeV fixed by the mass of the W boson; moreover, we only consider the case in 
which it does not contain new sources of CP violation. The Higgs spectrum contains 
three Goldstone bosons G^ 1 and G°, two charged Higges H ± , and three neutral Higgses 
h° and// (CP-even), and A (CP-odd). 

The most general renormalizable and gauge-invariant interaction of the two Higgs 
doublets with the SM quarks is 

-Jzfy = Q L X dX D R H y + Q L X uX U R H[ + Q L X d2 D R H c 2 + Q L X u2 U R H 2 + h.c. , (2) 

where = —ir 2 H*^ and the X t are 3 x 3 matrices with a generic flavour structure. 

By performing a global rotation of angle j8 = arctan(v2/vi) of the Higgs fields (H\,H 2 ) 
to the so-called Higgs basis (4> v ,4>#), the mass terms and the interaction terms are 
separated: 

= Ql (^yM d ® v + Z^H^j D R + Q L (^yM u & v + Z U <$> C H j U R + h.c. ; (3) 

the quark mass matrices M u d and the couplings Z u d are linear combinations of the Xi, 
weighted by the Higgs vacuum expectation values: 

M u ,d = ^ (cos/3X M1 + sin/3X M2 ) , Z u4 = cos/3X Mjd2 - sinpX U:dl . (4) 

In this way it is clear that M u d and Z u d cannot be diagonalized simultaneously for 
generic Xi, and we are left with dangerous FCNC couplings to the neutral Higgses. 



PROTECTION MECHANISMS FOR FCNCS 



A convenient classification of various 2HDMs and of the possible protection of FCNCs 
is obtained by identifying how the X, break the large quark-flavour symmetry of the 
gauge sector of the SM and the possible continuous or discrete symmetries associated to 
the Higgs sector. The largest group of unitary quark field transformations that commutes 
with the SM gauge Lagrangian can be decomposed as [5, 11] 

% = (SU(3)®U(1)) 3 , (5) 
i. e. a 51/(3) symmetry and a phase symmetry for each electroweak multiplet: 

SU(3) 3 = SU(3) Ql ®SU(3) Ur ®SU(3) Dr , U(lf = U(\) B <g> U(l) Y ® £/(1)pq ; (6) 

notice that the three U(\) symmetries can be rearranged as the baryon number, the 
hypercharge, and the Peccei-Quinn symmetry [12]. 

One can obtain the suppression of FCNCs by protecting the breaking of one of these 
two types of symmetry. 



Natural Flavour Conservation 

It assumes that only one Higgs field can couple to quarks of a given electric charge. 
This structure can be obtained by imposing appropriate continuous or discrete flavour- 
blind symmetries. 

• Peccei-Quinn symmetry U{\)pq 
In this context it can be defined as the symmetry under which Dr and H\ have 
opposite charges, while all the other fields are neutral. Its application implies 

X ul =X d2 = (7) 

and hence eliminates the FCNCs at tree level. However, this symmetry cannot be 
exact, since it would cause the presence of a massless pseudoscalar Higgs field, 
and hence it must be broken beyond the tree level; for example, for the down-type 
Yukawa coupling we can write 

X d2 = £ d A d (8) 

where A d is a generic flavour-breaking matrix with entries and £ d that 

parametrizes the loop suppression, so that we expect e d = ^(10~ 2 ). The compari- 
son with the experimental data can be performed, for example, by considering the 
CP violation in the system of the K° mesons, through the observable £k', the condi- 
tion |e^ p | < 0.2|e^ xp |, in the decoupling limit, requires [6] 

\£ d \ x \lm[{A d y 21 {A d ) l2 ]\ 1/2 < 3 x 10- 7 x , (9) 

i. e. a large amount of fine-tuning would be needed to provide an efficient protection 
from FCNCs. 



• Discrete symmetries 

They are the two discrete subgroups of U{\)pq under which H\ — > —H\ and 
D R — > ±D R ; they imply that two of the X,- must vanish: 

X u i=X d2 = [NFC, Type II] or X u2 =X d2 = [NFC, Type I] , (10) 

and hence again a cancellation of the tree-level FCNCs. In principle these sym- 
metries could be exact, but they do not forbid the presence of higher-dimensional 
operators of the type 

AJ? ¥ = ^Q L X^D R H l \H l \ 2 + ^Q L X^D R H l \H 2 \ 2 + ... (11) 

that, for the natural values Ci = and A = i^(lTeV), generate too large FCNCs 
analogously to the previous case [6]. 



Minimal Flavour Violation 

It consists of the assumption that the SU (3) quark flavour symmetry is broken only 
by two independent terms, Y d and Y u , transforming as 

r„~ (3,3,1)^(3)3, WV^pp. (12) 

It implies for the Xi the structure [5] 

X di =Y d (13a) 

X d2 = P d2 (Y u YlY d Yj) xY d = e Y d + e^Ya + £ 2 Y u Y^Y d + ... (13b) 

X ui = P u i (Y u Y^Y d Yj) xY u = e' Y u + e[Y u Y% + e' 2 Y d YjY u + ... (13c) 

X u2 = Y u (13d) 

that is renormalization group invariant. We notice that at the lowest order in Y{Y^ 
the Xi are aligned, and hence FCNCs are absent [13]; they are however generated at 
higher orders. In order to investigate these FCNCs, one can perform an expansion 
in powers of suppressed off-diagonal CKM elements, so that the effective down-type 
FCNC interaction can be written as [5] 

52 + /53 



(aoV^^V + aiV^^VA + a^^v) X d ] d J R 2 * 3 + h.c. , (14) 



•^MFV ^ a L 

where X u j 1/v diag[m ud ,m CyS ,m t ^), A = diag(0,0, 1), and the a,- are parameters 
naturally of &{\) \ this structure already shows a large suppression due to the presence 
of two off-diagonal CKM elements and the down-type Yukawas. 

Also in this case we can derive constraints on the free parameters by imposing that 
the new physics contributions must be compatible within errors with the experimental 



data. We have found the bounds [6]: 



|oo| tan/3 — — < 18 frome^, (15a) 

Mh 

J\(a* + a\)(ao + a 2 )\tml5-^- = 10 from AM, , (15b) 
V Mh 

A/|ao + ai|tanj8— < 8.5 from Br (B s ->■ ; (15c) 

as can be noted, these conditions are well compatible and perfectly natural. 



MFV WITH FLAVOUR-BLIND PHASES 

The mechanisms of flavour and CP violation do not necessary need to be related: in 
MFV the Yukawa matrices are the only sources of flavour breaking, but other sources 
of CP violation could be present, provided that they are flavour-blind [14]. Allowing 
the FCNC parameters a, to be complex, we investigate the possibility of generic CP- 
violating flavour-blind phases in the Higgs sector [6]. 

Considering the AF = 2 FCNC transitions mediated by the neutral Higgs bosons, the 
leading MFV effective Hamiltonians are: 
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(16b) 



that show two key properties: 

• the impact in K°, B c { and B s mixing amplitudes scales with m s md, mtnid and m^m, 
respectively, opening the possibility of sizable non-standard contributions to the B s 
system without serious constraints from K° and Bj mixing; 

• while the possible flavour-blind phases do not contribute to the AS = 2 effective 
Hamiltonian, they could have an impact in the AB = 2 case, offering the possibility 
to solve the anomaly in the B s mixing phase. 

These Hamiltonians have a direct impact on some crucial observables of the neutral 
mesons systems N° — N°, namely the mass differences AM^ and the asymmetries Sf in 
the decays N°(N°) ->■ /: 

AM N = — \(N°\ r jr\N°)\ , 5 / = sin(arg<A^°|^r|V )) . (17) 

"'A 

Using the presence of a new phase in J4?\ AB \ =1 , we can easily accomodate the hinted 
large value of by inserting a new large mixing phase in the B s system. Moreover, 
Eq. 16b shows that MFV implies that the new phases in the B d and the B s systems 
are related by the ratio mj/m, v . Hence a large phase in the B s system determines an 
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FIGURE 1. (a) Correlation between S v k s and Sy$. The dark points have been obtained with the CKM 
phase j3 fixed to its central value: the spread is determined only by the requirement of a deviation of 
AM S within 10% of its SM value; the light points represent the ±1<7 error due to the uncertainty in the 
extraction of /3. The ±lcr range of 0j* p (light horizontal lines) and the SM prediction (black vertical line) 
are also shown, (b) Correlation between Ek and SyK s . Notations as before. 



unambiguous small shift in the relation between S v k s and the CKM phase /3 ; as can be 
seen in Fig. la, it goes in the right direction to improve the existing tension between the 
experimental value of SyK s and its SM prediction. 

Due to the m 5 mj factor in J^^ =2 , the new physics contribution to £k is tiny and does 
not improve alone the agreement between data and prediction for £k- However, given the 
modified relation between and the CKM phase /3, the true value of /3 extracted in 
this scenario increases with respect to SM fits. As a result of this modified value of /3, 
also the predicted value for increases with respect to the SM case, resulting in a better 
agreement with data (Fig. lb). 
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